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ABSTRACT

The objective of this program was to prepare a clutter research plan
for Army air defense weapons that encompasses the anticipated methods of
employment of these weapons, as well as the problems associated with the
introduction of new radar technology in these systems. Specifically, the
investigations included studies of the physics of electromagnetic scattering
from rough surfaces, a definition of clutter problems as related to innovations
in radar technology such as electronic beam steering, signal processing and
design, computer technology, study of clutter models and simulation techniques,
and a study of clutter effects in a radar defense complex.

Probability density functions, correlation functions and doppler
spectra of clutter signals are derived for the configuration in which only a
few major scatterers are present. Results are presented for both coherent and
noncoherent detection.

Methods of simulating clutter, using both analog and digital
approaches, are described. Emphasis is placed on advanced forms of simulators
such as would be required for evaluation of future multi-dimensional radar
systems rather than on additive filtered noise for the simulation of clutter.
The simulation techniques are based on two suggested generic forms of clutter
models, called open-loop and closed-loop. Because of the greater flexibility
of closed-loop simulation, this is presented in greater detail.

Techniques for performing radar clutter measurements are described
and some of the significant problems, related primarily to terrain and cultural
observables, are discussed. Clutter problems as related to radar systems and
innovations in radar technology, such as electronically steered phase arrays,
are also described.

The program plan for future clutter research incorporates the findings
of the supporting studies performed on this program. The program plan identifies
the major areas of development and research required to perform a meaningful
program of clutter measurements. It is stressed that: 1) the electroriagnetic
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observables should be measured in such a way that correlation is maintained
among the measured parameters and 2) that environmental descriptors are of
importance equal to that of the radar sensor data and must be derived and

associated with it.
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Section 1
INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

The objective of this program was to prepare a clutter research plan
for Army air defense weapons that encompasses the anticipated methods of
employment of present weapons, as well as the problems associated with the
introduction of new radar technology in these systems. Emphasis was placed
on terrain clutter; other sources of clutter such as sea and precipitation

were not treated explicitly.

This task was approached by identifying several specific topics
which are logical elements of a clutter research program and then by examin-
ing each topic in turn in its relation to the others. The topics selected
for this purpose are: 1) physics of electromagnetic scattering from rough
surfaces, 2) definition of clutter problems as related to innovations in
radar technology such as electronic steering, signal processing and design,
3) computer technology, 4) clutter models and simulation techniques, 5) clutter
effects in a radar defense complex. Each one is discussed in the corresponding
section of the report and their interrelation to form a well integrated clutter
research program plan is described in Section 10.
Clutter has been defined as a conglomeration of unwanted echoes.(l)
From a phenomonological view, a more accurate and fundamental description
would be the presence of unwanted scatterers or collections of scatterers
within the system environment. It is true that these unwanted scatterers
produce unwanted echoes. However, since observed echoes are strong functions
of both illumination and observation systzms, basic phenomena cannot be de-
cribed in such terms. For example, observed echoes (clutter) are a function
of the resolution of illumination and observation systems. The overall
environment has not changed, just the observation technique. This change in

emphasis removes the particular radar system from consideration and views the



clutter problem only in terms of the basic phenomena of scattering. This
point is of utmost importance when simulation of a number of radar types is
required because changes in radar observables for an environment in which the
scatterers (and their time variations) are defined can be traced directly to
changes in radar system parameters. Moreover, use of a suitably defined
scattering model permits evaluation of clutter effects on such diverse systems
as CW Doppler (for personnel intrusion detection) and missile semiactive
homing systems. The former, of course, requires a definition of scatterer
motion and cross section (amplitude and phase), while the latter requires, in

addition, definition of target-scatterer interactions.

In general, effects of clutter can be broken into three broad cate-
gories. The first is the monostatic return from clutter itself where clutter
radar cross section is sufficiently high to obscure the true target return.
The second is modification of radar system parameters by clutter-radar inter-
action, and the third is modification of true target return by target-clutter
interaction. Examples of each are readily available. For the first, we have
the difficulty of discerning a low-altitude, low-radar-cross-section vehicle
in terrain clutter, particularly with a low-resolution radar. For the second,
we have the modification of antenna lobe structure and boresight of a ground-
based radar operating cluse to grazing incidence which can increase the
apparent target scintillation, or under conditions of local terrain masking
can interrupt the line of sight between the radar and target. For the third,
we have the difficulty of differentiating between a target and its image with
the antenna beam close to terrain. (Usually the Doppler frequency difference
or range resolution is insufficient for effective discrimination.)

These observed clutter effects are functions of radar system para-
meters as well as the electromagnetic environment, and generally depend on
system resolution, both in range and angle and on range/angle scan rates. In
fact, it is precisely this dependence on system parameters which limits the
usefulness of much of the experimental clutter data obtained in the past.
While much data exist whith are valid for particular systems employed to make
the measurements, they cannot be extrapolated to predict the performance of

systems with different capabilities.



Another factor of major importance, which has all too often been
neglected, is an adequate description of the environment in which a set of
clutter measurements has been made. Data on environmental variables, such
as terrain cover and masking, is of equal importance with electromagnetic
variables for the interpretation and understanding of clutter. The major
problem in selecting environmental descriptors is that a set sufficient to
categorize terrain with respect toc clutter has not been defined. This factor
stresses the need for care in the design and conduct of a clutter measurements
program. The emphasis during such a program should be primarily on gathering,
analyzing and interpreting data to more fully understand the basic nature of
the interactions involved. Clutter data per se, is of limited value and

should not be the sole end product of a measurements program.
1.2 SUMMARY

In the analytic description of phenomena, simplified models are
generally used to represent the interactions occurring in nature. After postu-
lating a model, presumably on the basis of reasonable assumptions, the analyst
can draw conclusions concerning the outcome of a process given a set of
stimuli, This same process occurs with respect to clutter. Clutter, however,
involves an extremely complicated set of processes and no simple model will
suffice to represent it. One simplified model has assumed Gaussian statistics.
It is known from the Central Limit Theorem in probability theory that the sum
of a number of random functions, satisfying reasonable constraints, will tend
to a Gaussian random process in the limit of an infinite number of functions.
This theorem, when applied to clutter, has been used by analysts to formulate
a model of clutter as a Gaussian random process for which only the variance,
mean and spectrum is required in order to specify the process. Results over the
past years from clutter measurements, which have been based primarily on this

model, can hardly be called definitive.

In Section 2 of this report the manner in which clutter affects the
division of radar functions in an air defense complex is described. The

important case of surface-to-air missile systems and the role that clutter




plays in their effectiveness in defending against low-altitude, high-speed
aircraft is discussed. The radar problems anticipated are used to focus
initial clutter measurements, described in the program plan, to areas of key

importance.

In Section 3, two generic forms of clutter models are des ribed.
In the first model, called an 'open-loop'" clutter model, the clutter signal
is formed and added to a signal representing the target; both are cou‘led
to the radar processor. This model, which includes the Gaussian clutt r
representation, requires knowiedge of the dependent variations in the c. itter
signal due to variations in the radar system. A second generic clutter n del,
called a '"closed-loop'" model, represents the received clutter and target
signals as an operation on the transmitted signal. This model is a closer
representation of the actual scattering process, which occurs in the formation
of clutter signals, than the open-loop model. The data on required scattering
parameters, with their spatial and time dependencies, is limited because of
insufficient suitable data. The program plan given in Section 10 describes a
program of clutter measurements intended to provide the required data on

clutter characteristics.

In Sections 4, 5 and 6, probability density functions, correlation
functions and doppler spectra of clutter signals are discussed for the case
in which only a few major scatterers are present. The convergence of the
analytical results to the case of many scatterers is also discussed. These
analytical studies, in conjunction with the closed-loop clutter model, form

a basis for a clutter measurements program.

In Section 7 methods of simulating clutter are described: both
analog and digital techniques are considered. Emphasis is placed on advanced
forms of simulators such as would be required for evaluation of future multi-
dimensional radar systems rather than on additive filtered noise simulation of
clutter. Both open-loop and closed-loop simulation are discussed, although,
because of its greater flexibility, closed-loop simulation is discussed in

greater detail,



In Section 8, techniques for performing radar clutter measurements
are described and some of the significant problems, related primarily to
terrain and cultural observables, are discussed. Clutter problems related to
innovations in radar technology, such as electronically steered phased arrays,

are described in Section 9.

The program plan for future clutter research which incorporates the
findings of the previous sections is given in Section 10. Included in the
program plan are the major areas. of development and res¢arch required to perform
a meaningful program of clutter measurements. It is stressed that: 1) the
electromagnetic observables should be measured in such a way that correlation
is maintained among the measured parameters and 2) environmental descriptors
are of importance equal to that of the radar sensor data and must be associated

with it.



Section 2
CLUTTER PROBLEMS IN RADAR AIR DEFENSE SYSTEMS

Clutter will affect the division of radar functions in an air defense
complex in a manner dependent on the characteristics of the clutter and on the
particular function (detection or tracking). One of the major air defense
systems in use today is the surface-to-air missile system (SAM) and the role
that clutter plays in affecting air defense systems effectiveness is illustrated
in the following discussion of the problem SAM systems encounter in defending
against low-altitude, high-speed aircraft attacks. The program plan given in
Section 10 covers many facets of the clutter problem. Because the problem is
such a large one, the establishment of realistic bounds is required to focus
data acquisition, at least initially, in the critical areas of air defense.
This section also provides a discussion of thes: critical areas. Available
data strongly indicate that Line-Of-Sight (LOS) coverage limitations (raused
by terrain and/or vegetative masking) are primary factors in determining the
effectiveness of a ground based (or truck mounted) SAM system against low
altitude high speed aircraft targets in most environments.* Appropriate
guidance technology and hardware are well advanced and potential threats to
future SAM systems can be expected to have a very good capability to exploit
the characteristics of the environment by proper planning and execution of
low altitude high speed missions. Future tactical aircraft threats should be
anticipated with capabilities for flying in close proximity to the ground
(minimum clearance of 200 ft or so) at speeds appropriate for the environment.
For any particular site, the interactions between anticipated offensive and
defensive weapons system capabilities, the tactics employed, and their effects
on target availability and clutter existence should be evaluated. Such a
study should include defense site quality as a function of sensor elevation
above ground level deployment density, and their effect on expected overall

*

For this discussion, the optical LOS can be assumed. The effect of ridge
diffraction and multipath to provide an increase in the effective LOS is
probably small although this premise is subject to experimental verification.



defense system effectiveness. Knowledge of these factors would greatly assist
in quantifying the problems to be solved by low altitude air defense systems.

On a qualitative basis, consideration of the interactions discussed
above indicate that for SAM systems deployed in relatively flat to rolling
terrain, both target availability and clutter existence (as a function of
range from the site) will be greatly different depending on whether or not
the SAM sensor is grourd based (vehicle mounted) or elevated above objects
contributing to the local masking (such as small terrain variations, trees,

buildings etc.).

The effects of local masking may cause significantly decreased LOS
ranges to both target and clutter sources. It is expected that non-elevated
sensors deployed in temperate zones would often be subject to initial LOS to
target at ranges of 1-3 n.mi. As potential clutter sources are masked beyond
the range of the object causing the local mask, the target should be available
for detection in a clutter-free state in many situations. Because of the short
LOS ranges involved, such SAM systems would be required to have very short

reaction times (approximately 6-8 seconds) to be effective.

SAM systems employing a sensor elevated above the local mask, on the
other hand, are presented with significantly different situations when deployed
in the same environment. Target LOS ranges on the order of 10-15 miles would
be common and clutter might exist over a significant portion of the target
path. While the target might be available for detection in a clutter free
situation, both clutter and multipath effects could be expected to be important
for a large portion of the target track. From the SAM sensor design standpoint,
the clutter problem is more difficult for the elevated sensor because of the
longer ranges required. The availability of the target at long ranges does,
however, greatly increase the allowable SAM reaction time.

Experience has shown that accurate determination of LOS to target
for greund based defenses requires optical measurements (or their equivalent
from stereo pair photos) of the objects causing local maskinggz) It is expected
that target LOS determined from topographical map data would be adequate for
cases where the sensor was elevated well above the local mask.



Accurate determination of LOS to clutter sources is predictable only
when significant mask angles are involved (valleys, etc.). It is recommended
that field survey's using a helicopter borne clutter mapping radar (PPI) be
used in evaluating the LOS to clutter sources for elevated sensors.

It is assumed that maps of radar LOS as a function of target altitude
above the local terrain can be obtained. These maps will govern the maximum
allowable interval between successive searches in various directions for
defense against radially entering targets. That is, regions where small LOS
ranges to target exist will be searched frequently in order to obtain detection
within the SAM reaction time.

Provision of adequate interval of LOS exposure by reducing vegetation
masking effects does not, alone, necessarily allow the defensive system to be
effective because its radar may not be able to acquire and track the low-
altitude target which is in close proximity to the terrain. Thc terrain
produces clutter which typically affects the radar system detection capability.
In general, the radar cross section of an attacking tactical aircraft may be
on the order of 10 to 20 dBsm with potential reduced radar cross sections of
future aircraft being lower than 0 dBsm. On the other hand, the radar cross
section of terrain and cultural features per square meter of surface area may
vary from -30 dB to perhaps +30 dB, with -15 dB being a typically.encountered
average value. For practical SAM radar systems, the area of the pulse packet
on the terrain results in a backscattered radar signal from the terrain which
is typically very large compared to the return from the target (assuming the
terrain in the vicinity of the target is not masked), especially for long-
range detection of low-altitude tactical aircraft attacking radially over
"choppy' terrain. Using a clutter LOS map, those areas where terrain is masked
can be determined and detection of visible targets in these regions will be
relatively easy due to the reduced amplitude of the clutter. A clutter signal
will be present even if the terrain in the same range gate as the target is
masked, because of unmasked terrain in the antenna sidelobes or in a part of
the main lobe. The clutter amplitude will, however, be significantly reduced
if clutter in the main lobe is masked. The target visibility will be governed
by the target altitude as described by the radar LOS maps previously discussed.
Thus, search of an area where clutter is masked will provide high detectability

8



of targets having radar LOS. The availability of LOS to target must be
evaluated, however, in terms of an assessment of minimum altitudes which can
be achieved by potential threats.

To provide the required target detection (and tracking) capability
in regions where the terrain is not masked, it is necessary to make use of
other characteristics in addition to the amplitude of the radar return signal.
As the target typically has a relatively high radial velocity (if it is a
threat to the SAM system), the Doppler shift of the return from the target is
typically used to provide an additional 'dimension" which aids in the
separation of the target from clutter. Experience has shown, however, that in
many environments, the Doppler separation, azimuth beamwidth and range
resolution capability are not sufficient to permit effective detection of
low-altitude targets at long ranges. This situation requires (1) that the
reaction times of the overall defense system be reduced so that shorter
ranges of detection are permitted without impairing SAM system effectiveness,
(2) that the size of the radar resolution cell be reduced, or (3) that
additional characteristics of the radar return be employed which improve
separation of the target return from the clutter signals. Any characteristic
of the target return which is significantly different from the clutter return
alone, whether on an instantaneous or a statistical basis, whether natural
or induced, potentially offers a means for improving the capability of future
radar systems to detect targets in clutter. These additional cheracteristics
include such things as frequency sensitivity, phase coherence, fluctuation and
scintillation rates, target size, polarization, angle-of-arrival variations
and knowledge of the masking and clutter characteristics at a particular site.
A much improved knowledge of the characteristics of both clutter and target-
clutter interaction effects is needed to permit efficient design and use of
multidimensional radar sensing for the development of more effective SAM
systems and to assess their performance capabilities. These data are needed
for all environments in which the SAM system will be required to operate. A
program plan for experimentally obtaining the required clutter data and methods

for data reduction/correlation and use in simulation is given in Section 10.
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For the short and long range conditions mentioned above, the clutter
signal amplitude will probably cover a 60 dB dynamic range. During a clutter .
measurements program, as described in Section 10, it would be desirable to use
a sensor radar providing clutter cross sections which approach typical target
radar cross sections (1 mz). A synthetic aperture system with an effective
resolution of 1 milliradian and a pulse length of 20 nanoseconds will, for
much of the terrain, provide effective clutter cross section approaching 1 m2
(assuming a nominal 20 dB terrain reflectivity). Variation in the transmitted
pulse length by a factor of 100-500 (through the use of pulse compression
techniques) should provide a good representative distribution of effective

clutter cross sections and associated target-to-clutter ratios.

The potential existence of multiple transmission paths to a low-
altitude target (or any target at low elevation angles) can impair the target 0
detection range by causing fading of the target return and widening of the
apparent Doppler spectrum of the target. In addition, multipath can also
seriously degrade the accuracy of target tracking radars whenever the target
is separated from the clutter by less than an antenna beamwidth (which is the .
typical case for low-altitude targets). In particular, the multipath signals,
when added vectorially to the direct radar returns, cause variations in the
apparent angle of arrival, and, depending on the particular situation, the
apparent angle of arrival may appear to come from angular regions outside the
angular extent of the target and the clutter for a significant percentage of
the timegs) These errors, together with signal fluctuations and fading, greatly
complicate the tracking of low-altitude targets. It should be noted that the
multipath returns from low-angle targets typically exist near the Doppler-shifted
frequency of the target and, therefore, the multipath effects cannot be rejected
on the basis of Doppler separation alone. It is expected that the use of
additional characteristics such as previously described will be required to
allow the desired improvements in tracking of targets in clutter. Study of

multipath effects is included in the program plan of Section 10.

A similar situation prevails for low-level missile systems. Here
an illuminator is used to reflect energy from the incoming target. The

missile "sees' this energy, and tracking circuits within the missile force .
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it into collison course with the target. However, for low flying vehicles,

the illuminator also illuminates ground clutter so that the resultant
illumination pattern is modulated as a function of target position. Simul-
taneously, the signal reflected from the target also illuminates ground clutter,
forming a diffuse "image." The combination of both multipath perturbations
place a lower bound on system effectiveness, preventing system deployment
against targets penetrating below a given altitude. However, lack of
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